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Abstract: Interactive display is an important part of electronic devices. It is widely used in 
smartphones, laptops, and industrial equipment. To achieve 3-dimensional detection, the piezoe-
lectric touch panel gains great popularity for its advantages of high sensitivity, low cost, and simple 
structure. In order to help readers understand the basic principles and the current technical status, 
this article introduces the work principles of the piezoelectric touch panel, widely-used piezoelectric 
materials and their characteristics, as well as the applications of the piezoelectric touch panel. The 
challenges and future trends are also discussed. 
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1. Introduction 
Currently, visualization of information, which makes information easier to under-
stand and use, plays an important role in the digital world [1]. To achieve visualization of 
information, the cathode ray tube (CRT), the earliest electronic display, was developed by 
Karl Ferdinand Braun in 1897. Since then, the electronic display has been developing 
quickly. Liquid crystal displays (LCD), organic electroluminescence displays (OLED), and 
plasma display panels (PDP) are constructed and widely used in many electronic devices, 
such as personal computers, smartphones, and industrial equipment [2–4]. 
With the rapid development of electronic displays, the interactive display has also 
made remarkable progress. Interactive display refers to the display through which the 
user can use his hand to display and control the data. The history of interactive display 
can be traced back to 1963, when the first touch panel for air traffic control was invented 
by E. Johnson [1]. In 1973, the first capacitive touch panel was constructed, which is very 
similar to the capacitive touch screen used today [5]. The first resistive touch panel ap-
peared in the same year, which still plays a role in low-cost terminals. In 2007, Apple 
released the iPhone with a capacitive touch screen. The launch of the iPhone represented 
a milestone in the history of mobile electronic devices. Since then, the touch screen has 
been widely used in mobile electronic devices such as smartphones, tablets, and laptops. 
One of the most important parts of interactive displays is the touch sensing part. 
Presently, the widely-used commercial touch panels are capacitive-based and resistive-
based, both of which obtain 2-dimensional information. For the former, when the finger 
touches the screen, the original electromagnetic field changes and it results in the change 
in capacitance [6]. The capacitive touch panel is advantageous for its high detection accu-
racy. For the latter, when the touch events happen, the conductive layer contacts the other 
and hence the current flows to it. By sensing the current, the touch location can be inter-
preted [7]. Contrary to the capacitive touch panel, the touch of the non-conductive subject 
is also supported. However, both of them can only obtain 2-dimension information. To 
add the function of force sensing, an extra detection layer or sensor should be added, and 
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therefore the structure and circuity will become bulky, costly, and complex, which is not 
desirable. 
To obtain 3-dimensional information in a low-cost, piezoelectric touch panel is a suit-
able approach. In the piezoelectric-based touch panel, the piezoelectric material can be 
used as the insulating layer of the capacitive touch panel [8,9]. As a result, it can obtain 
force information in a much simpler architecture. In addition, the piezoelectric touch 
panel can provide benefits such as passive detection and high sensitivity [10]. However, 
the piezoelectric touch panel was rarely used in commercial products, mainly due to the 
temperature and frequency dependency and the unstable responsivity introduced by the 
different contact area and touch direction. 
After years of development, with its excellent performance, the piezoelectric touch 
panel has attracted extensive attention in industry and academia. Many researchers de-
vote themselves to it, and their achievements also attract more new researchers to work 
on it. However, the piezoelectric touch panel covers many fields, including materials sci-
ence, computer science, and others, and there is no systematic review in the published 
literature, making it difficult for the beginners interested in this field to begin their work. 
In this context, this article is presented to provide a comprehensive review on piezoelec-
tric-based sensing for interactive display. 
This review is organized as follows: Section 2 briefly reviews the principle of piezo-
electricity and the widely used piezoelectric materials; Section 3 introduces the commonly 
used architecture and readout circuity of the piezoelectric touch panel; The application of 
the piezoelectric touch panel as well as the drawbacks and solutions are reviewed in Sec-
tion 4; Section 5 introduces the emerging applications based on the piezoelectric touch 
panel; Section 6 reviews the challenges that piezoelectric touch panel is facing. In Section 
7, the conclusion and perspective are discussed. 
2. Principle and Broadly Used Materials 
2.1. Principle 
The piezoelectric effect demonstrates the phenomenon that when a force is applied 
to non-centrosymmetric materials [11], the centers of the positive and negative charge do 
not coincide, thus resulting in polarization and the induced charge. In contrast, this phe-
nomenon does not occur in centrosymmetric materials, as the polarization always remains 
intact. In non-centrosymmetric materials, the phenomenon inverse piezoelectric effect 
also exists, which indicates that when an external electric field is applied to the materials, 
the materials will deform [12]. 
Due to the various directions of the applied force and the polarization, axes should 
be built to describe the parameters. Normally the model is built as shown in Figure 1. 




Figure 1. Directions of the polarization and the applied stress. 
The relationship between the polarization and the applied stress can be described as 
below [13]: 
Pi = dijσj    with i = 1, 2, 3 and j = 1, 2, …, 6 (1)
where Pi indicates the polarization in the i-direction,  dij is the piezoelectric coefficient, 
and σj is the applied stress in the j-direction. For example, the parameter  d33 is used 
when the polarization and the applied stress are both in the “3-direction”;  d33 is essential 
to quantify the piezoelectric performance, which can be measured by using the Berlin-
court method [14]. 
2.2. Broadly Used Materials 
2.2.1. Piezoceramic 
Piezoceramic is now the most popular piezoelectric material due to its high efficiency 
and low cost, including lead zirconate titanate (PZT), barium titanate (BaTiO3), among 
others. As the Young’s modulus in piezoceramics is higher than in other materials, it has 
stronger rigidity, which makes it more brittle and less flexible for design [15]. Lead-based 
piezoceramics like PZT have a high piezoelectric coefficient and low dielectric loss. There-
fore, it is widely used in energy harvesting devices, which convert mechanical energy into 
electrical energy. However, due to the lead it contains, the extraordinary toxicity limits its 
use [16]. Despite the lower transduction efficiency, lead-free materials like BaTiO3, which 
is non-toxic, is gradually replacing PZT [17]. 
2.2.2. Single Crystal Materials 
Quartz is currently the most widely used piezoelectric crystal. The electric resistivity 
of quartz is excellent. It also has an extremely high mechanical quality factor QM, as well 
as temperature stability, making it commonly used in resonators. The main disadvantages 
include lower piezoelectric coefficients and higher costs. Piezoelectric crystals of lithium 
niobate (LiNbO3) and lithium tantalate (LiTaO3) are also excellent materials for piezoelec-
tric sensors. Specifically, the lower acoustic losses making them outstanding materials that 
are widely used in surface acoustic wave (SAW) devices [18]. 
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However, the phase transition temperatures of the single crystals place restrictions 
on the temperature range of their applications, making it difficult for them to be applied 
in extreme conditions [19]. 
2.2.3. Piezoelectric Polymers 
One of the challenges piezoceramic and single crystal materials face is the high 
Young’s modulus and the resulting brittleness. In 1969, the discovery of piezoelectricity 
in polymers represented a milestone in soft piezoelectric materials [20]. Due to the flexi-
bility in the molecular chains, piezoelectric polymers, for instance, polyvinylidene fluo-
ride (PVDF) and polyvinyl chloride (PVC), are much more flexible. Therefore, they can 
endure the high strain and can be applied to a large area. Additionally, piezopolymers are 
cost-effective and easier to process when compared with piezoelectric ceramics. However, 
the Curie temperature of piezoelectric polymers is much lower than those of piezoceramic 
and single crystal materials [21], which is a great limitation to their applications. 
Piezoelectric polymers are widely used in many fields. They are used for energy har-
vesting applications [22,23], flexible touch sensing [24], biological tissue engineering, and 
so on. 
2.2.4. Ceramic-Polymer Composite 
As discussed previously, piezoelectric ceramics possess high piezoelectric coeffi-
cients; however, the poor flexibility of ceramics limit their application. In comparison, pi-
ezoelectric polymers are much more flexible but have smaller piezoelectric coefficients. 
To meet the requirement of both good flexibility and high performance, researchers have 
proposed ceramic-polymer composites, in which the ceramic phase is dispersed in a pol-
ymer matrix [25]. This kind of material shows excellent properties of good flexibility, high 
piezoelectric coefficients, and low density. Moreover, in [26], an interfacial chelation 
mechanism between PZT and a chelating polymer is reported, which can improve the 
dielectric constant and piezoelectric coefficient of ceramic-polymer composites signifi-
cantly. 
Ceramic-polymer composites are widely used in many fields. With their flexibility 
and good piezoelectric properties, they are applied to piezoelectric nanogenerators with 
high output performance [27]. In addition, as the polymer phase lowers the density and 
dielectric constant, ceramic-polymer composites are easier to realize acoustic impedance 
matching compared to ceramics, and therefore they are widely used in hydrophones, 
medical examination probes, and sonar [28]. 
2.2.5. Piezoelectric Fabric 
Piezoelectric fabric is popular in the field of smart textile and wearable applications 
due to its flexibility. The major advantage of piezoelectric fibers is that they can be directly 
made into large fabrics, which is difficult for other materials [29]. In addition, compared 
to piezoelectric polymers, the fabrication process of piezoelectric fabric is simpler. To fab-
ricate piezoelectric fibers, the electrospinning method is most commonly used. Electro-
spinning is widely used to make polymer fibers, as it is possible to form various fibers of 
different properties, shapes, and diameters. However, this method is time- and cost-con-
suming, and therefore it is not suitable for mass production [30]. 
Piezoelectric fibers can be widely used in wearable applications [31]. Considering the 
rigidity and wearability of piezoelectric fibers, it is the desirable material applied to smart 
textiles, particularly for wearable energy harvesting [31]. 
The properties of the commonly used piezoelectric materials mentioned above are 
shown in Table 1. As for new piezoelectric materials that may be used in future interactive 
displays, the flexible piezoelectric materials have become the focus of research, as one of 
the important trends of interactive displays is flexible display and wearable devices. In 
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[32], new all-silicone composite materials are reported. Cyanopropyl-modified polysilox-
anes and chloro-modified polysiloxane are crosslinked with non-polar PDMS to produce 
the materials. Young’s modulus of the highly flexible material is 0.12–0.5 MPa, and the 
average piezoelectric coefficient is 24 pm·V−1, close to that of PVDF. In addition, ceramic-
polymer composites are receiving great attention due to their flexibility and good piezoe-
lectric properties. In [33], highly flexible piezoelectric composites with poly dimethyl si-
loxane (PDMS) using herbal zinc oxide (h-ZnO) as filler are reported. The Young’s mod-
ulus of the material is 16 MPa and the piezoelectric coefficient is 29.76 pm/V (h-ZnO 30 
wt.%), showing both great flexibility and good piezoelectric properties. In [34], PZT-
PDMS composites prepared by solution casting were developed. The piezoelectric coeffi-
cient of the material achieves 25 pC/N, and Young’s modulus is 4.85 MPa. Hopefully, 
these highly flexible piezoelectric materials can be applied to flexible displays in the fu-
ture. 
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2.3. The Growth of Piezoelectric Materials 
Among the piezoelectric materials, the piezoelectric thin film is the most widely used 
form, which has the advantages of small volume, low weight, high working frequency, 
and a simple manufacture process for the multi-layer structure. Piezoelectric thin films 
are widely applied to piezoelectric microelectronic systems and optoelectronic technology 
fields. The most widely used piezoelectric thin film is of PZT piezoelectric ceramics, 
which, however, is fragile, highly toxic, and can cause damage to humans. To overcome 
this problem, lead-free piezoelectric thin films like BaTiO3, KxNa1−xNbO3(KNN), and 
Bi0.5Na0.5TiO3(BNT) are proposed. In addition, piezoelectric thin films based on poly-
mers like PVDF are also receiving great attention due to their good flexibility. 
To fabricate piezoelectric thin films, the magnetron sputtering method, sol-gel 
method, vapor deposition method, and solvothermal method are widely used [38]. Mag-
netron sputtering refers to the process of bombarding the target with high-speed moving 
inert particles to deposit atoms on the substrate to form a thin film. This method can form 
thin films with a large area and good uniformity. However, its high manufacturing cost is 
not desirable. The sol-gel method dissolves a metal salt in a common solvent and forms a 
uniform precursor solution (SOL) after hydrolysis and polymerization, then coats the SOL 
on a substrate surface. After drying and repeated coating, the film is finally processed by 
annealing. This method is simpler, but the thin film easily cracks under high-temperature 
sintering. The vapor deposition method applies the compound or elemental gas to the 
substrate, and the film is formed by gas-phase action or chemical reaction on the substrate 
surface. This method can obtain high purity and dense films; however, it is inconvenient 
because different cavities are required to form different forms. The solvothermal process 
obtains thin films by chemical reaction with organic matter or a non-aqueous solvent as 
the solvent is under high temperature and high pressure. It has the advantages of a simple 
process and low temperature. However, as the process is under high pressure, it is dan-
gerous and needs sophisticated equipment. The typical growth methods for the prepara-
tion of BaTiO3 thin films are shown in Table 2. 




Pressure (Pa) Substrate Advantage Disadvantage 
Magnetron sputter-
ing 







600–800 533–667 LaAlO3 





100 °C for generat-




Pt-coated Si wafer Simple process Easy to crack 
Solvothermal pro-
cess 
140 High pressure 
Si (100) deposited 
with Ti (1000 Å) 
Simple operation; 
low temperature 
Danger of high 
pressure 
3. Piezoelectric-Based Touch Sensing Architecture 
3.1. Typical Architecture 
The most widely used architecture in the piezoelectric touch panel is the bending 
acoustic wave-based architecture. There are three or four piezoelectric receivers arranged 
on the edge of the panel to receive the mechanical waves. According to the transmission 
speed and the timing of the mechanical waves, the touch location can be evaluated. How-
ever, it only provides 2-dimension information [42]. 
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To obtain 3-dimension information, including the x-y position and the force ampli-
tude, the most widely used architecture is the sandwich architecture [42]. In this architec-
ture, two electrodes are attached to both sides of the piezoelectric material. This typical 
architecture is shown in Figure 2. 
 
Figure 2. The sandwich architecture of the piezoelectric touch panel [43]. 
There are four proposed stack-ups to assemble touch panels as shown in Figure 3. As 
the electrode layers are much thinner when compared to the other layers, they are not 
described in the figure. Figure 3a–c gives the designs that are similar to the capacitive 
touch panels [7]. The insulating layers of the capacitive touch panels are changed to the 
piezoelectric ones to fabricate the piezoelectric touch panels. These designs are advanta-
geous for the high sensitivity in detecting the force, but they have low accuracy when 
detecting the x-y position [9,44]. To solve this problem, another design is put forward. 
Figure 3d shows a design that separates the force layers and the capacitive layers, in which 
the 2D position and the force amplitude can be both obtained at high accuracy [45]. The 
former is detected by the capacitive layers whereas the latter can be interpreted by the 
piezoelectric layers. 
 
Figure 3. Four typical stack-ups of the piezoelectric touch panel: (a–d), the electrodes are on and 
underneath the piezoelectric film layer [42]. 
3.2. Typical Readout Circuity 
The 3-dimensional touch panel consists of capacitive sensing and piezoelectric sens-
ing. The piezoelectric sensor is equivalent to a charge generator, a resistance R  and a 
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capacitance C . The generated charge is determined by the applied force and the piezo-
electric coefficient 𝑑 , while the resistance and the capacitance are determined by the 
dielectric constant, resistivity, and geometry. The equivalent circuity of the piezoelectric 
sensor is shown in Figure 4. 
 
Figure 4. The equivalent circuity of the piezoelectric sensor [13]. 
The readout circuity of the piezoelectric sensor is shown in Figure 5. The charge am-
plifier is used to convert the charge signal into the voltage signal. For piezoelectric sens-
ing, charge generates when the touch events occur; For capacitive sensing, when the touch 
events occur, the capacitance will increase. Under the same voltage, the generated charge 
will change. 
 
Figure 5. Readout circuity [13]. 
The block diagram of piezoelectric touch panel system is shown in Figure 6. As the 
frequency of the piezoelectric signal is 0–10 kHz [42] while the frequency of the capacitive 
signal is around 100 kHz, they can be separated smoothly by using a low pass filter and a 
bandpass filter. The ADC is then used to convert the analog signal to a digital signal, 
which is then calculated to interpret the force amplitude and the touch location by the 
signal processor. 
 
Figure 6. Block diagram of piezoelectric touch panel system [13]. 
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4. Conventional Applications and Discussions 
4.1. Conventional Piezoelectric-Based Touch Panels 
The piezoelectric-based touch panel, developed rapidly in recent years, can be di-
vided into 2-dimensional touch panels and 3-dimensional touch panels. As mentioned 
above, for the 2-dimensional touch panel, the piezoelectric receivers sense the bending 
acoustic wave and interpret the touch location accordingly. However, due to the high dis-
persion characteristics of the waves, surface bending waves that have different frequen-
cies propagate at different speeds, which means that using a fixed speed for calculations 
will decrease the detection accuracy. To address this issue, the algorithms of acoustic 
pulse recognition (APR) and dispersive signal technology (DST) were developed. For the 
former, the received signals are matched with the models in the database to interpret the 
touch location. It has been commercialized in the products of Elo TouchSystems. For the 
latter, a specific program is utilized to calibrate the errors introduced by the frequency. In 
2006, 3M first launched the commercial product based on DST technology. 
For the 3-dimensional touch panel, the force amplitude and the touch location are 
interpreted by the combination of piezoelectric-based techniques and capacitive-based 
techniques. As the piezoelectric sensing layer can act as the insulating layer of the capaci-
tive touch panel, the structure is simpler compared to capacitive and resistive 3-dimen-
sional touch panels. In addition, it has the advantages of passive detection and high sen-
sitivity. In [13], a 3-dimensional piezoelectric touch panel was developed, and 0.2 pF of 
the minimum changed capacitance value and 92 mV/N of the force-voltage sensitivity 
were achieved, revealing the great potential of piezoelectric touch panels. In 2016, a 3-
dimensional touch panel based on piezoelectricity was issued by Cambridge Touch Tech-
nologies Ltd. (CTT, Cambridge, UK). However, piezoelectric-based 3-dimensional touch 
panels have rarely been applied to commercial products, mainly due to the unstable re-
sponsivity introduced by the contact area and touch speed, as well as the interference from 
the external environment. 
4.2. Drawbacks and State of the Art Solutions 
4.2.1. Contact Area and Touch Direction 
When the same force is applied to different contact areas on the piezoelectric-based 
touch panel, the stress-induced signals will also be different, leading to unstable respon-
sivity. As the diameter of fingertips can vary from 7 mm to 15 mm, the responsivity will 
greatly change due to the different size of fingertips. 
Furthermore, the different orientations of the same applied force will also result in 
different responsivities, as the force closer to the perpendicular orientation will obtain 
more stress in the z-direction. In the study of [42], it was shown that the responsivity in-
creases by 51% when the touch orientation increases from 30° to 90° as shown in Figure 7. 
 
Figure 7. The voltage response with the variation of the touch direction [42]. 
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One effective method to solve this problem is to estimate the contact area and touch 
orientation and then calibrate the force accordingly. In [46], the contact area and touch 
angle are measured by utilizing the capacitance distribution information, improving the 
stability of force voltage responsivity to 85%. In [45], an artificial neural network is applied 
to classify the touch angles, achieving a force detection accuracy of 90%. Nevertheless, as 
the data in the study are collected in the lab, the accuracy of the technique may decrease 
in practical use because environmental noise will pollute the data. To address this issue, 
in [47], a noise robustness technique is presented. Different levels of noise are added to 
the training data to simulate the noisy environment. As a result, the average mean error 
(MAE) is 7.8 degrees, improving the performance of the piezoelectric touch panel used in 
a noisy environment. 
4.2.2. Touch Speed 
The piezoelectric coefficient 𝑑  is frequency dependent. Before reaching the reso-
nant frequency, the value of 𝑑  changes little as the frequency increases, and therefore 
can be regarded as a constant. However, when approaching the resonant frequency, 𝑑  
changes significantly, leading to a sharp increase in responsivity [48]. As the frequency of 
the force touch signal ranges from DC to kHz, the change of 𝑑  cannot be ignored. 
One method to solve this problem is to calibrate 𝑑  by obtaining the frequency in-
formation. In [49], the obtained signal is divided into several intrinsic mode functions 
(IMF) by using the empirical mode decomposition (EMD), and then the normalized Hil-
bert transform is used to interpret the frequency information. Finally, the 𝑑  coefficient 
is calibrated at every moment accordingly. The detection accuracy is improved by 2.5% 
using this method. 
How the contact area, touch direction and touch speed are leading to the unstable 
responsivity is shown in Figure 8. 
 
Figure 8. Three factors leading to unstable force-voltage responsivity [42]. 
4.2.3. Propagated Stress 
As shown in Figure 9, when a force is applied to the touch panel, the stress will prop-
agate to the adjacent locations and therefore reduce the detection accuracy. The respon-
sivity induced by the propagated stress cannot be neglected, as it can even be higher than 
that at the actual touch locations [9]. One method to solve this problem is to eliminate the 
propagated stress by using capacitive signals. In [50], the output with capacitive touch is 
augmented, as the propagated stress only causes touch-induced charge without a change 
in capacitance. In this way, the propagated stress can be eliminated successfully. 




Figure 9. The propagated stress is related to the detection accuracy [42]. 
4.2.4. Preload Effect 
The static force applied to the piezoelectric material will result in the deformation of 
the molecular structure, leading to the change of the force-to-voltage conversion ability. 
Therefore, when a prestress is applied to the piezoelectric touch panels, the piezoelectric 
coefficient will change, affecting the detection accuracy in the subsequent touch. In [51], 
the responsivity with different preload is measured and the results are shown in Figure 
10. One effective method to solve this problem is to calibrate the piezoelectric coefficient 
under different preloads. The essential step of this method is to measure the prestress. In 
[51], the prestress is obtained by using the change of the resonant characteristics of the 
piezoelectric touch panels. The accuracy is boosted by 15.17% after applying the algo-
rithm. 
 
Figure 10. The unstable voltage-force responsivity with different preload [42]. 
4.2.5. Boundary Condition 
Due to the complexity of the mechanical behavior and the boundary conditions of 
the touch panel, the responsivity can be different when the same force is applied to differ-
ent locations, leading to stress non-uniformity and low detection accuracy. In [8], the me-
chanical response of the different locations was investigated. As shown in Figure 11a, Lo-
cation 1 is near the edge of the touch panel, while Location 5 is at the center. As the results 
show in Figure 11b,c, the different boundary conditions result in different mechanical re-
sponses, which may reduce the detection accuracy. 




Figure 11. (a) The proposed touch panel and investigated touch locations; (b) mechanical response 
of Location 1; (c) mechanical response of Location 5 [8]. 
To solve the non-uniformity issue, in [52], a set of artificial neural networks is applied 
to estimate the force location and classify the force amplitude. As a result, the detection 
accuracy achieves 94.2%. As the curvature is also essential to the responsivity, in [53], the 
capacitive information is used to measure the curvature radius and then calibrate the force 
responsivity in real-time. 
The drawbacks of the piezoelectric touch panels and the performance of the solutions 
mentioned above are shown in Table 3. 
Table 3. Drawbacks of the piezoelectric touch panels and the state-of-art solutions. 
Drawbacks Solutions Performance Refs 
Unstable responsivity intro-
duced by different touch area 
and direction 
Estimating touch area and direction using 
capacitance information 
An improvement in stability 
of force voltage responsivity 
of 85% 
[46] 
Classifying touch directions using an artifi-
cial network 
Force detection accuracy of 
90% 
[45] 
𝑑  frequency dependence 
Calibrating 𝑑  using the frequency infor-
mation 




Eliminating the propagated stress using ca-
pacitive information 




Obtaining the prestress using the resonant 
characteristics and calibrating 𝑑  
Improving the detection accu-
racy by 15.17% 
[51] 
Boundary condition 
Estimating touch position and force ampli-
tude using an artificial network 
0.56 mm shift of the touch po-
sition 
Force detection accuracy of 
94.2% 
[52] 
Measuring the curvature radius using the 
capacitive information and calibrating the 
response 
1.7% change in the force re-
sponsivity with 3 cm change 
in the curvature radius 
[53] 
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5. Emerging Applications 
5.1. Authentication 
With the quick development of information technology and wide use of 
smartphones, user authentication is becoming a hot topic, of great importance for main-
taining information security [54]. As force information is greatly appropriate for user au-
thentication, the piezoelectric touch panel can be applied to authentication. In [55], the 
piezoelectric touch panel was utilized to collect user touch data, and then the user touch 
times and force features are extracted from the data by machine learning for authentica-
tion. As a result, the equal error rate (EER) of 0.720% is achieved, indicating the great 
potential for the piezoelectric touch panel to be used in authentication. However, multiple 
users should be treated as legal users in some applications. To address this issue, in [56], 
a piezoelectric-based technique for multi-user authentication is presented, in which the 
touch features are extracted from the information obtained from the piezoelectric touch 
panel, and the classification is done by a support vector machine (SVM). Finally, the clas-
sification accuracy reaches 97%, revealing the feasibility for multi-user authentication. 
5.2. Underwater Application 
There is also a need for touch panel applications in extreme conditions, such as un-
derwater applications. The properties of a capacitive touch panel will be greatly affected 
when exposed to water, as the ions contained in the water will affect the electromagnetic 
field and reduce the detection accuracy as a result. In contrast, the detection accuracy of 
the piezoelectric touch panel will not be affected by a small amount of water, as it is sen-
sitive to the mechanical displacement instead of the capacitance change. In [44], a piezoe-
lectric touch panel was successfully developed that can work without interference under-
water. The promising results reveal the potential for the piezoelectric touch panel to be 
applied to underwater applications. 
5.3. Mood Detection 
Mood detection is receiving extensive interest in the field of human-machine inter-
face. Among the related studies, the keystroke-based technique that extracts user’s touch 
behaviors, such as touch time and force amplitude, to detect emotion is advantageous for 
its low cost [57]. However, using touch sensing products that have low accuracy will result 
in long-term text input, and therefore limits its use [58]. Due to the high sensitivity of the 
piezoelectric touch panel, it can achieve high accuracy without long text input and is a 
suitable approach for detecting emotion. In [59], the piezoelectric touch panel was utilized 
for extracting keystroke behaviors, including touch time, pressure value, and the direction 
of pressure. The emotion classification was completed by the random forest classifier, and 
an accuracy of 78.31% was achieved. This result is promising and proves the potential for 
the piezoelectric touch panel to be used in mood detection. 
5.4. Multi-Touch 
Most current force touch panels interpret the touch position and amplitude of the 
single force. However, multi-touch, which means more than one finger touches the panel 
at the same time, is required in many applications [60]. Due to the unstable responsivity 
of the piezoelectric touch panel, the physical model of multi-touch is difficult to establish, 
and therefore it is difficult to apply formulas to interpret multi-touch events. In [61], this 
problem was solved by using machine learning methods. After pre-processing the col-
lected data to get the voltage peaks of each channel, three machine learning methods were 
applied to classify the touch position and the force levels. As a result, the accuracy of dou-
ble-touch force level detection achieved 88.2%, and the accuracy of location detection 
achieved 92.3%, proving the feasibility of the piezoelectric touch panel to detect multi-
touch events. 
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5.5. Robotic Skin 
The concept of the flexible display was first proposed in 1974. After that, many com-
mercial products of flexible display have been launched, and the function of touch inter-
activity was also added to the flexible display. At present, the flexible piezoelectric touch 
panel has been successfully applied. In [62], a flexible and transparent piezoelectric touch 
sensor based on Zinc Oxide (ZnO) nanowires was presented that had good piezoelectric 
properties and bendability. Even after 2000 times of bending, the output voltage of the 
presented sensor remained stable, showing the feasibility for the piezoelectric touch panel 
to be applied to flexible and wearable devices. 
The development of the flexible piezoelectric touch panel brings piezoelectric-based 
electronic skin feasibility. Electronic skin is an essential part of humanoids, as it contrib-
utes to protecting the inner system and collecting signals [63]. As the electronic skin 
should be applied to large area and be able to detect force, the flexible piezoelectric-based 
sensing technique is a suitable approach. As the piezoelectric-based electronic skin also 
measures the touch position and force amplitude, it can use a similar structure as the pie-
zoelectric touch panel. In [64], a large-area flexible artificial skin based on arrays of piezo-
electric polymer transducers was developed. The tactile sensing system consists of the 
arrays of PVDF piezoelectric sensors, which are fixed on a flexible substrate. The promis-
ing results show the feasibility of the piezoelectric-based artificial skin, with the ad-
vantages of bendability, scalability, and low fabrication costs. Furthermore, due to the 
coupling ability of the piezoelectric technique with the capacitive technique, electronic 
skin that supports multi-functions can be developed. In [65], a humanoid skin with the 
combination of the piezoelectric and capacitive effects successfully detected the position, 
force, humidity, and proximity. The force and capacitive sensitivities achieved 0.05 N and 
7 fF, and the humidity responsivity achieved 0.22%/RH%. 
5.6. Gait Analysis 
Gait analysis has received great attention recently, as it can monitor the health prob-
lems of the elderly (like Parkinson’s disease and cerebral palsy) as well as the walking 
status of the patients with walking problems. Among the sensors for gait analysis, the 
piezoelectric sensor is advantageous for its passive detection and low power consumption 
[66]. As the piezoelectric sensor used for gait analysis also measures the touch position 
and force amplitude, it can use a similar structure as the piezoelectric touch panel. In [67], 
a pair of slippers with flexible PVDF sensors was developed. A flexible sensor based on 
PVDF was installed in the slipper sole area under the inner arch of the foot. When the 
subject walked, normal pressure is generated and therefore the piezoelectric sensor under 
the inner arch of the foot generated output voltage. Eight gait parameters, including the 
time parameters and the number of steps, were then extracted from the sensing signals by 
detecting the heel strike and toe-off times. The promising results show the good con-
sistency between the gait parameters from the program and the parameters calculated 
using the raw data. However, it is difficult to mass produce. In [68], the lamination tech-
nique was used to address this issue. It can integrate electrode and piezoelectric thin film 
without affecting the flexibility or conductivity of the film. Finally, it can successfully de-
tect the normal forces at 36 points, and the responsivity achieves 693.1 mV/N while the 
sensitivity achieves 0.056 N. 
The emerging applications based on the piezoelectric touch panels mentioned above 
are shown in Table 4. 
Table 4. Emerging applications based on the piezoelectric touch panels. 
Emerging Appli-
cations 
Principles of the Work Advantages Disadvantages 
Performance of Typi-
cal Design  
Refs 
Authentication Simplicity of use The EER of 0.720% [55] 
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693.1 mV/N 




Except for the drawbacks of the piezoelectric touch panels mentioned above, there 
still remain challenges for their applications, including the changes of the external condi-
tions, the issues introduced by multi-touch, and so on. These challenges are discussed in 
this section. 
6.1. Pyroelectric Effect Interference 
Pyroelectricity is the phenomenon that when there is a temperature change in the 
non-centrosymmetric materials, the polarization alters and generates a charge on the sur-
face [69]. It should be noted that some piezoelectric materials also have pyroelectric prop-
erties, and piezoelectricity and pyroelectricity are closely related as they are both relevant 
to polarization. Therefore, when a touch event happens on the piezoelectric touch panel, 
both the pressure and the temperature change will alter the output voltage: the former 
causes a piezoelectric effect and the latter causes a pyroelectric effect. It is hard to separate 
these signals as they are generated at the same time [70]. As a result, the pyroelectric effect 
will influence the detection accuracy of the piezoelectric touch panel, especially when 
there is a big difference in temperature between the finger and the touch panel. Although 
adding a thermal-shielding layer on the touch panel can reduce the pyroelectric effect [71], 
the reduction of the optical transparency and the increasing cost it brings are undesirable. 
Therefore, it still remains a challenge for the piezoelectric touch panel to remove the py-
roelectric effect. 
6.2. Triboelectric Effect Interference 
Triboelectricity is the phenomenon of when two different materials are brought into 
contact, they will obtain or lose electrons and be electrically charged, due to the different 
binding abilities of the materials to extranuclear electrons. There are two fundamental 
modes of triboelectricity: vertical contact-separate mode and lateral sliding mode [72]. In 
contact-separate mode, when an external force is applied to one of the surfaces, the two 
surfaces come into contact and generate charge, due to surface charge transfer. In the lat-
eral sliding mode, the relative sliding of the two surfaces will generate triboelectric 
charges. When there is a touch event on the piezoelectric touch panel, both the contact-
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separation process and the sliding motion will happen simultaneously, generating the tri-
boelectric charges. As a result, triboelectricity will affect the output voltage and therefore 
reduce the force detection accuracy. Therefore, in order to achieve higher detection accu-
racy, eliminating the triboelectric influence is a significant challenge for the piezoelectric 
touch panel. 
6.3. Sensitivity to Temperature Change 
After reaching a particular temperature called the Curie point, the piezoelectricity of 
the piezoelectric materials will decrease, due to the phase transition from a ferroelectric 
to a paraelectric and the resulting lost polarization [73]. 
Nevertheless, even under the Curie point, piezoelectric materials show great temper-
ature dependency. Due to the increasing ionic movement under high temperature, the 
piezoelectric constant significantly rises with temperature. In [73], the piezoelectric re-
sponse of the poly(vinylidene fluoride70-trifluorethyline3) was investigated. The results 
showed that piezoelectric constant of the polymer increased by 150% when the tempera-
ture increased from 25 °C to 80 °C, demonstrating a strong temperature dependency. In 
[74], the variation of the piezoelectric constant with temperature was measured. The result 
not only showed the temperature dependence of the piezoelectric properties, but also in-
dicated the non-linearity of the piezoelectric coefficient under high temperature. As a re-
sult, the variation of the ambient temperature has a significant effect on the piezoelectric 
response, influencing the detection accuracy greatly. How to eliminate the interference 
introduced by the temperature change still remains a challenge. 
6.4. Multi Touch Interference 
The multi-touch panel is now receiving increasing attention. However, when multi-
ple touches are applied to the piezoelectric touch panel simultaneously, more complicated 
issues can arise. As mentioned above, due to the boundary conditions, the response of the 
propagated stress can be even higher than the response of the real touch location. When 
multi-touch is applied to the touch panel, the detection accuracy can be affected more 
significantly. In [9], it was demonstrated that when the touch events occur at adjacent 
positions on the touch panel simultaneously, the voltage shift reached 27 mV, decreasing 
the detection accuracy. As shown in Figure 12, the adjacent force disturbs the response. 
Additionally, the preload induced by the first applied force can affect the detection of the 
following force significantly, due to the change of the piezoelectric coefficient. As a result, 
it is still difficult for the piezoelectric touch panel to achieve multi-touch. 
 
Figure 12. The response when the touch events are applied to adjacent locations simultaneously [9]. 
7. Conclusions and Perspective 
At present, most capacitive and resistive touch panels widely used in commercial 
products obtain 2-dimensional information. To obtain the force amplitude to achieve more 
functionality, the piezoelectric touch panel is a suitable approach. Studies show that, as 
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the piezoelectric material can act as the insulating layer in the capacitive touch panel, it 
has a simpler structure; in addition, due to the natural characteristics of the piezoelectric 
material, it has the advantage of passive detection and therefore has a lower power con-
sumption. An increasing number of studies of the piezoelectric touch panel show its ad-
vantages and great potential. 
However, the piezoelectric touch panel is still not widely used in commercial prod-
ucts, mainly due to the unstable force-voltage responsivity. Therefore, an important di-
rection of future research is to improve the stability of the responsivity. The most im-
portant step is to obtain the information of the interference factors, like the touch direction 
and the touch area. One effective approach is to utilize multidimensional information, 
such as the capacitance information and the resonant information to calibrate the respon-
sivity. Another method is to use machine learning. The quick development of machine 
learning makes it possible to calculate the interference factors and calibrate the responsiv-
ity accordingly. 
In addition, as the problems of global warming and environmental pollution are be-
coming more and more serious, using renewable energy instead of traditional fossil en-
ergy to maintain sustainable development is important for the technology. The preferred 
approach is to use the piezoelectric nanogenerators (PENG) as the power resources to 
achieve self-powered systems. Recently, Sumera et al. reported Br doped 2D ZnO PENG, 
which is used as an active self-powered pressure sensor, for the measurement of a wide 
range of pressure [75]. In the future, it is expected that PENG will be integrated into the 
piezoelectric interactive displays to achieve a self-powered system. 
Furthermore, if the piezoelectric touch panel is widely used in the future, the 3-di-
mensional information it measures will make it possible to be used in many emerging 
applications. One example is the piezoelectric touch panel used for authentication. As the 
process of the authentication based on keystroke is continuous, the security level is higher; 
in addition, no extra component is needed, so it has a simpler structure and lower cost. 
The piezoelectric panel can also be used for mood detection, and it has the advantages of 
being cost-effective and non-intrusive. In the foreseeable future, the piezoelectric touch 
panel can be widely used in the applications in which force information is needed. 
Author Contributions: Conceptualization, Z.L. and Z.F.; methodology, Z.L.; writing—original draft 
preparation, Z.L.; writing—review and editing, Z.F.; supervision, Z.F.; project administration, Z.L. 
and Z.F. All authors have read and agreed to the published version of the manuscript. 
Funding: This research received no external funding. 
Conflicts of Interest: The authors declare no conflict of interest. 
References 
1. Nathan, A.; Gao, S. Interactive displays: The next omnipresent technology [point of view]. Proc. IEEE 2016, 104, 1503–1507. 
2. Geelhaar, T. Liquid crystals for display applications. Liq. Cryst. 1998, 24, 91–98. 
3. Gao, H.-Y.; Yao, Q.-X.; Liu, P.; Zheng, Z.-Q.; Liu, J.-C.; Zheng, H.-D.; Zeng, C.; Yu, Y.-J.; Sun, T.; Zeng, Z.-X. Latest development 
of display technologies. Chin. Phys. B 2016, 25, 094203. 
4. Anderson, P. Advanced Display Technologies; JISC: Bristol, UK, 2005. 
5. Lowe, J. Computer creates custom control panel. Des. News 1974, 29, 54–55. 
6. Barrett, G.; Omote, R. Projected-capacitive touch technology. Inf. Disp. 2010, 26, 16–21. 
7. Walker, G. A review of technologies for sensing contact location on the surface of a display. J. Soc. Inf. Disp. 2012, 20, 413–440, 
doi:10.1002/jsid.100. 
8. Gao, S.; Arcos, V.; Nathan, A. Piezoelectric vs. Capacitive Based Force Sensing in Capacitive Touch Panels. IEEE Access 2016, 4, 
3769–3774, doi:10.1109/access.2016.2591535. 
9. Gao, S.; Wu, L. Why Piezoelectric Material is Unsuccessful in Interactive Displays: Challenges in High Detection Accuracy. IEEE 
Consum. Electron. Mag. 2019, 8, 28–31, doi:10.1109/mce.2019.2892264. 
10. Gao, S.; Huang, C.-y.; Wu, L. Piezoelectric material based technique for concurrent force sensing and energy harvesting for 
interactive displays. In Proceedings of the 2017 IEEE Sensors, Glasgow, Scotland, 29 October–1 November 2017; pp. 1–3. 
11. Goldacker, T.; Abetz, V.; Stadler, R.; Erukhimovich, I.; Leibler, L.J.N. Non-centrosymmetric superlattices in block copolymer 
blends. Nature 1999, 398, 137–139. 
Materials 2021, 14, 5698 19 of 21 
 
 
12. Briscoe, J.; Jalali, N.; Woolliams, P.; Stewart, M.; Weaver, P.M.; Cain, M.; Dunn, S. Measurement techniques for piezoelectric 
nanogenerators. Energy Environ. Sci. 2013, 6, doi:10.1039/c3ee41889h. 
13. Gao, S. A Multi-Functional Touch Panel for Multi-Dimensional Sensing in Interactive Displays; University of Cambridge: Cambridge, 
UK, 2017. 
14. Berlincourt, D.; Jaffe, H.; Shiozawa, L.R. Electroelastic Properties of the Sulfides, Selenides, and Tellurides of Zinc and Cad-
mium. Phys. Rev. 1963, 129, 1009–1017, doi:10.1103/PhysRev.129.1009. 
15. Piliposian, G.; Hasanyan, A.; Piliposyan, G.; Jilavyan, H. On the sensing, actuating and energy harvesting properties of a com-
posite plate with piezoelectric patches. Int. J. Precis. Eng. Manuf. -Green Technol. 2020, 7, 657–668. 
16. Rödel, J.; Webber, K.G.; Dittmer, R.; Jo, W.; Kimura, M.; Damjanovic, D. Transferring lead-free piezoelectric ceramics into ap-
plication. J. Eur. Ceram. Soc. 2015, 35, 1659–1681, doi:10.1016/j.jeurceramsoc.2014.12.013. 
17. Trolier-McKinstry, S.; Zhang, S.; Bell, A.J.; Tan, X. High-Performance Piezoelectric Crystals, Ceramics, and Films. Annu. Rev. 
Mater. Res. 2018, 48, 191–217, doi:10.1146/annurev-matsci-070616-124023. 
18. Zu, H.; Wu, H.; Wang, Q.M. High-Temperature Piezoelectric Crystals for Acoustic Wave Sensor Applications. IEEE Trans. Ul-
trason. Ferroelectr. Freq. Control 2016, 63, 486–505, doi:10.1109/TUFFC.2016.2527599. 
19. Zhang, S.; Yu, F.; Green, D.J. Piezoelectric Materials for High Temperature Sensors. J. Am. Ceram. Soc. 2011, 94, 3153–3170, 
doi:10.1111/j.1551-2916.2011.04792.x. 
20. Kawai, H. The piezoelectricity of poly (vinylidene fluoride). Jpn. J. Appl. Phys. 1969, 8, 975. 
21. Crossley, S.; Whiter, R.; Kar-Narayan, S. Polymer-based nanopiezoelectric generators for energy harvesting applications. Mater. 
Sci. Technol. 2014, 30, 1613–1624. 
22. Covaci, C.; Gontean, A. Piezoelectric Energy Harvesting Solutions: A Review. Sensors 2020, 20, 3512, doi:10.3390/s20123512. 
23. Mishra, S.; Unnikrishnan, L.; Nayak, S.K.; Mohanty, S. Advances in Piezoelectric Polymer Composites for Energy Harvesting 
Applications: A Systematic Review. Macromol. Mater. Eng. 2019, 304, doi:10.1002/mame.201800463. 
24. Vu, C.C.; Kim, S.J.; Kim, J. Flexible wearable sensors-an update in view of touch-sensing. Sci. Technol. Adv. Mater. 2021, 22, 26–
36. 
25. Sappati, K.K.; Bhadra, S.J.S. Piezoelectric polymer and paper substrates: A review. Sensors 2018, 18, 3605. 
26. Yao, J.; Xiong, C.; Dong, L.; Chen, C.; Lei, Y.; Chen, L.; Li, R.; Zhu, Q.; Liu, X. Enhancement of dielectric constant and piezoelectric 
coefficient of ceramic-polymer composites by interface chelation. J. Mater. Chem. 2009, 19, 2817–2821. 
27. Hu, D.; Yao, M.; Fan, Y.; Ma, C.; Fan, M.; Liu, M.J.N.E. Strategies to achieve high performance piezoelectric nanogenerators. 
Nano Energy 2019, 55, 288–304. 
28. Choi, Y.J.; Yoo, M.-J.; Kang, H.-W.; Lee, H.-G.; Han, S.H.; Nahm, S. Dielectric and piezoelectric properties of ceramic-polymer 
composites with 0–3 connectivity type. J. Electroceram. 2013, 30, 30–35. 
29. Zaarour, B.; Zhu, L.; Huang, C.; Jin, X.; Alghafari, H.; Fang, J.; Lin, T. A review on piezoelectric fibers and nanowires for energy 
harvesting. J. Ind. Text. 2019, 51, doi:10.1177/1528083719870197. 
30. Mokhtari, F.; Cheng, Z.; Raad, R.; Xi, J.; Foroughi, J. Piezofibers to smart textiles: A review on recent advances and future outlook 
for wearable technology. J. Mater. Chem. A 2020, 8, 9496–9522, doi:10.1039/d0ta00227e. 
31. Matsouka, D.; Vassiliadis, S. Piezoelectric melt-spun textile fibers: Technological overview. In Piezoelectricity—Organic and Inor-
ganic Materials and Applications; BoD–Books on Demand: Norderstedt, Germany, 2018. 
32. Racles, C.; Dascalu, M.; Bele, A.; Tiron, V.; Asandulesa, M.; Tugui, C.; Vasiliu, A.-L.; Cazacu, M. All-silicone elastic composites 
with counter-intuitive piezoelectric response, designed for electromechanical applications. J. Mater. Chem. C 2017, 5, 6997–7010. 
33. Singh, A.; Das, S.; Bharathkumar, M.; Revanth, D.; Karthik, A.; Sastry, B.S.; Rao, V.R. Low cost fabrication of polymer composite 
(h-ZnO+ PDMS) material for piezoelectric device application. Mater. Res. Express 2016, 3, 075702. 
34. Babu, I.; de With, G.J. Highly flexible piezoelectric 0–3 PZT–PDMS composites with high filler content. Compos. Sci. Technol. 
2014, 91, 91–97. 
35. Zhang, S.; Li, F.; Yu, F.; Jiang, X.; Lee, H.-Y.; Luo, J.; Shrout, T.R. Recent Developments in Piezoelectric Crystals. J. Korean Ceram. 
Soc. 2018, 55, 419–439, doi:10.4191/kcers.2018.55.5.12. 
36. Uchino, K. Advanced Piezoelectric Materials: Science and Technology; Woodhead Publishing: Sawston, UK, 2017. 
37. Acosta, M.; Novak, N.; Rojas, V.; Patel, S.; Vaish, R.; Koruza, J.; Rossetti, G., Jr.; Rödel, J. BaTiO3-based piezoelectrics: Funda-
mentals, current status, and perspectives. Appl. Phys. Rev. 2017, 4, 041305. 
38. Li, L.; Miao, L.; Zhang, Z.; Pu, X.; Feng, Q.; Yanagisawa, K.; Fan, Y.; Fan, M.; Wen, P.; Hu, D. Recent progress in piezoelectric 
thin film fabrication via the solvothermal process. J. Mater. Chem. A 2019, 7, 16046–16067. 
39. Lee, B.; Zhang, J. Preparation, structure evolution and dielectric properties of BaTiO3 thin films and powders by an aqueous 
sol-gel process. Thin Solid Films 2001, 388, 107–113. 
40. Maneeshya, L.; Thomas, P.; Joy, K. Effects of site substitutions and concentration on the structural, optical and visible photolu-
minescence properties of Er doped BaTiO3 thin films prepared by RF magnetron sputtering. Opt. Mater. 2015, 46, 304–309. 
41. Wills, L.; Wessels, B.W.; Richeson, D.; Marks, T.J. Epitaxial growth of BaTiO3 thin films by organometallic chemical vapor dep-
osition. Appl. Phys. Lett. 1992, 60, 41–43. 
42. Gao, S.; Yan, S.; Zhao, H.; Nathan, A. Touch-Based Human-Machine Interaction: Principles and Applications; Springer: Berlin/Hei-
delberg, Germany, 2021. 
43. Gao, S.; Shi, Y.; Liu, Q.; Xu, L.; Fu, B.; Yang, Z. 4-dimensional sensing in interactive displays enabled by both capacitive and 
piezoelectric based touch panel. IEEE Access 2019, 7, 33787–33794. 
Materials 2021, 14, 5698 20 of 21 
 
 
44. Vuorinen, T.; Zakrzewski, M.; Rajala, S.; Lupo, D.; Vanhala, J.; Palovuori, K.; Tuukkanen, S. Printable, Transparent, and Flexible 
Touch Panels Working in Sunlight and Moist Environments. Adv. Funct. Mater. 2014, 24, 6340–6347, 
doi:10.1002/adfm.201401140. 
45. Gao, S.; Guo, R.; Shao, M.; Xu, L. A Touch Orientation Classification-Based Force-Voltage Responsivity Stabilization Method 
for Piezoelectric Force Sensing in Interactive Displays. IEEE Sens. J. 2020, 20, 8147–8154. 
46. Huang, A.; Gao, S.; Dai, Y.; Kitsos, V.; Tian, W.; Xu, L. A capacitive information-based force-voltage responsivity stabilization 
method for piezoelectric touch panels. IEEE J. Electron Devices Soc. 2019, 7, 1018–1025. 
47. Lu, Y.; Cui, Z.; Guo, R.; Xu, L.; Gao, S. A Machine-Learning-Based Touch Orientation Detection Method for Piezoelectric Touch 
Sensing in Noisy Environment. IEEE Sens. J. 2021, 1, doi:10.1109/jsen.2021.3065525. 
48. Fu, J.Y.; Liu, P.Y.; Cheng, J.; Bhalla, A.S.; Guo, R. Optical measurement of the converse piezoelectric d 33 coefficients of bulk 
and microtubular zinc oxide crystals. Appl. Phys. Lett. 2007, 90, 212907. 
49. Chen, J.; Zhang, M.; Dai, Y.; Xie, Y.; Tian, W.; Xu, L.; Gao, S. A force-voltage responsivity stabilization method for piezoelectric-
based insole gait analysis for high detection accuracy in health monitoring. Int. J. Distrib. Sens. Netw. 2020, 16, 
doi:10.1177/1550147720905441. 
50. Gao, S.; Wu, X.; Ma, H.; Robertson, J.; Nathan, A. Ultrathin multifunctional graphene-PVDF layers for multidimensional touch 
interactivity for flexible displays. ACS Appl. Mater. Interfaces 2017, 9, 18410–18416. 
51. Shi, J.; Chen, J.; Lin, J.; Gao, S. Preload Effect Elimination Technique for Piezoelectric Force Touch Sensing in Human-Machine 
Interactivities. TechRxiv 2020, doi:10.36227/techrxiv.12915893.v1. 
52. Gao, S.; Duan, J.; Wei, Z.; Nathan, A. P-193: High force sensing accuracy in piezoelectric based interactive displays by artificial 
neural networks. Dig. Tech. Pap. SID Int. Symp. 2018, 52, 1893–1896. 
53. Dai, Y.; Chen, J.; Tian, W.; Xu, L.; Gao, S. A PVDF/Au/PEN Multifunctional Flexible Human-Machine Interface for Multidimen-
sional Sensing and Energy Harvesting for the Internet of Things. IEEE Sens. J. 2020, 20, 7556–7568, doi:10.1109/jsen.2020.2974096. 
54. Hennebert, C.; dos Santos, J. Security protocols and privacy issues into 6LoWPAN stack: A synthesis. IEEE Internet Things J. 
2014, 1, 384–398. 
55. Huang, A.; Gao, S.; Chen, J.; Xu, L.; Nathan, A. High Security User Authentication Enabled by Piezoelectric Keystroke Dynamics 
and Machine Learning. IEEE Sens. J. 2020, 20, 13037–13046, doi:10.1109/jsen.2020.3001382. 
56. Cui, Z.; Huang, A.; Chen, J.; Gao, S. Piezoelectric Touch Sensing Based Keystroke Dynamic Technique for Multi-User Authen-
tication. IEEE Sens. J. 2021, 1, doi:10.1109/jsen.2021.3081518. 
57. Heraz, A.; Clynes, M. Recognition of Emotions Conveyed by Touch through Force-Sensitive Screens: Observational Study of 
Humans and Machine Learning Techniques. JMIR Ment. Health 2018, 5, e10104, doi:10.2196/10104. 
58. Nam, C.; Shin, D. Force-touch measurement methodology based on user experience. Int. J. Distrib. Sens. Netw. 2018, 14, 
https://doi.org/10.1177/1550147718767794. 
59. Qi, Y.; Jia, W.; Gao, S. Emotion recognition based on piezoelectric keystroke dynamics and machine learning. In Proceedings of 
the 2021 IEEE International Conference on Flexible and Printable Sensors and Systems (FLEPS), Virtual Conference, 20–23 June 
2021; pp. 1–4. 
60. Singla, R.; Malhotra, M.; Agarwal, D.; Chopra, D. Multi Touch: An Optical Approach (Comparison of various techniques). Int. 
J. Sci. Res. Publ. 2013, 3, 1–6. 
61. Zhang, S.; Tu, S.; Sui, Z.; Gao, S. Piezoelectric and machine learning-based technique for classifying force levels and locations 
of multiple force touch events. In Proceedings of the 2021 IEEE International Conference on Flexible and Printable Sensors and 
Systems (FLEPS), Virtual Conference, 20–23 June 2021; pp. 1–4. 
62. Kang, M.; Park, J.H.; Lee, K.I.; Cho, J.W.; Bae, J.; Ju, B.K.; Lee, C.S. Fully flexible and transparent piezoelectric touch sensors 
based on ZnO nanowires and BaTiO3-added SiO2 capping layers. Phys. Status Solidi 2015, 212, 2005–2011, 
doi:10.1002/pssa.201431829. 
63. Seminara, L.; Pinna, L.; Ibrahim, A.; Noli, L.; Capurro, M.; Caviglia, S.; Gastaldo, P.; Valle, M. Electronic Skin: Achievements, 
Issues and Trends. Procedia Technol. 2014, 15, 549–558, doi:10.1016/j.protcy.2014.09.015. 
64. Seminara, L.; Pinna, L.; Valle, M.; Basiricò, L.; Loi, A.; Cosseddu, P.; Bonfiglio, A.; Ascia, A.; Biso, M.; Ansaldo, A. Piezoelectric 
polymer transducer arrays for flexible tactile sensors. IEEE Sens. J. 2013, 13, 4022–4029. 
65. Dai, Y.; Gao, S. A Flexible Multi-Functional Smart Skin for Force, Touch Position, Proximity, and Humidity Sensing for Human-
oid Robots. IEEE Sens. J. 2021, 1, doi:10.1109/jsen.2021.3055035. 
66. Gao, S.; Chen, J.-L.; Dai, Y.-N.; Wang, R.; Kang, S.-B.; Xu, L.-J. Piezoelectric-Based Insole Force Sensing for Gait Analysis in the 
Internet of Health Things. IEEE Consum. Electron. Mag. 2020, 10, 39–44. 
67. Cha, Y.; Song, K.; Shin, J.; Kim, D. Gait analysis system based on slippers with flexible piezoelectric sensors. In Proceedings of 
the 2018 IEEE International Conference on Robotics and Biomimetics (ROBIO), Kuala Lumpur, Malaysia, 12–15 December 2018; 
pp. 2479–2484. 
68. Dai, Y.; Xie, Y.; Chen, J.; Kang, S.; Xu, L.; Gao, S. A lamination-based piezoelectric insole gait analysis system for massive pro-
duction for Internet-of-health things. Int. J. Distrib. Sens. Netw. 2020, 16, 1550147720905431. 
69. Bune, A.; Zhu, C.; Ducharme, S.; Blinov, L.M.; Fridkin, V.M.; Palto, S.P.; Petukhova, N.; Yudin, S.G. Piezoelectric and pyroelec-
tric properties of ferroelectric Langmuir-Blodgett polymer films. J. Appl. Phys. 1999, 85, 7869–7873. 
Materials 2021, 14, 5698 21 of 21 
 
 
70. Kim, M.-W.; Kim, D.-K.; Kodani, T.; Kanemura, T.; Gwon, H.-D.; Cho, G.-H.; Han, K.-Y.; Kim, H.-S. Thermal-Variation Insensi-
tive Force-Touch Sensing System Using Transparent Piezoelectric Thin-Film. IEEE Sens. J. 2018, 18, 5863–5875, 
doi:10.1109/jsen.2018.2839356. 
71. Rendl, C.; Greindl, P.; Haller, M.; Zirkl, M.; Stadlober, B.; Hartmann, P. PyzoFlex: Printed piezoelectric pressure sensing foil. In 
Proceedings of the 25th Annual ACM Symposium on User Interface Software and Technology, New York, NY, USA, 7–10 Oc-
tober 2012; pp. 509–518. 
72. Wang, S.; Lin, L.; Wang, Z.L. Triboelectric nanogenerators as self-powered active sensors. Nano Energy 2015, 11, 436–462, 
doi:10.1016/j.nanoen.2014.10.034. 
73. Hafner, J.; Teuschel, M.; Schneider, M.; Schmid, U. Origin of the strong temperature effect on the piezoelectric response of the 
ferroelectric (co-)polymer P(VDF70-TrFE30). Polymer 2019, 170, 1–6, doi:10.1016/j.polymer.2019.02.064. 
74. Surbhi; Sukesha. Response of piezoelectric materials to the external temperature, electric field and humidity. Mater. Today Proc. 
2020, 28, 1951–1954, doi:10.1016/j.matpr.2020.05.555. 
75. Rafique, S.; Kasi, A.K.; Kasi, J.K.; Bokhari, M.; Shakoor, Z. Fabrication of Br doped ZnO nanosheets piezoelectric nanogenerator 
for pressure and position sensing applications. Curr. Appl. Phys. 2021, 21, 72–79. 
 
